Over the last few years, diploid strawberry (Fragaria vesca) has been recognized as a model species for applied research of cultivated strawberry (Fragaria × ananassa) that is one of the most economically important crops. Berries, particularly strawberries, are known for their high antioxidant capacity due to a high concentration of (poly) phenolic compounds. Studies have already characterized the phenolic composition of fruits from sets of cultivated strawberries but the quantification of phenolics in a Fragaria mapping population has not been reported, yet. The metabolite profiling of a F. vesca near isogenic line (NIL) collection by LC-MS allowed the unambiguous identification of 22 (poly)-phenols, including anthocyanins, flavonols, flavan-3-ols, flavanones, hydroxycinnamic acid derivatives, and ellagic acid in the diploid strawberry fruit. The variability in the collection revealed that the genetic factor was more decisive than the environmental factor for the accumulation of 18 of the 24 compounds. Genotyping the NIL collection with the Axiom ® IStraw90 ® SNPs array, we were able to map 76 stable QTLs controlling accumulation of the (poly)-phenolic compounds. They provide a powerful new tool to characterise candidate genes to increase the antioxidant capacity of fruits and produce healthier strawberries for consumers.
Introduction
Strawberries are one of the most popular fruits among consumers worldwide, breeding programs have traditionally focussed on fruit agronomic traits such as firmness or color and resistance to pests, but little attention has been paid to fruit nutritional quality. Strawberries (and other berries) have interesting nutritional properties and a very high antioxidant capacity mainly due to their high proportion of (poly)-phenolic compounds and beneficial effects on human health have been reported [1] [2] [3] [4] . Breeding programs aiming to improve fruit nutritional quality could have a positive impact on consumer health. The (poly)-phenols that account for most of this antioxidant capacity belong to two branches of the phenylpropanoid pathway: flavonoids and hydroxycinnamic acid derivatives. Phenylpropanoids are a large family of compounds usually classified as "secondary metabolites" although they carry out important functions for plant survival and fitness such as seed dispersion and resistance to biotic and abiotic stress [5] .
The phenylpropanoid biochemical pathway has been extensively studied and described in several plant species, including Arabidopsis, poplar, tomato, and rose [6] . Regulation of the pathway is modulated by the development stage and environmental factors, involving both structural genes and transcription factors [7] and references herein. In strawberry, many of the most relevant enzymes have been characterized and the regulation described [8, 9] . Phenylpropanoids arise from the phenylalanine derived from the shikimate pathway ( Fig. 1) , and can lead to hydroxycinnamic acid derivatives and to flavonoids (anthocyanins, flavonols, flavanones, and flavan-3-os) whereas, chalcone synthase (CHS) represents the branching point. The (poly)-phenolic content analyses of a mapping population in diploid strawberry (Fragaria vesca) it has not been done before.
There are both quality and genetic reasons for using F. vesca as a model species for the Fragaria genus and as a source of variability for Fragaria breeding programs. The octoploid nature of commercial varieties of strawberry (mainly varieties from the Fragaria × ananassa) is a drawback for breeding programs. However the diploid wild relative F. vesca (woodland or wild strawberry) can be used as a model for breeding purposes, taking advantage of the many tools that have been developed recently for its study and which demonstrate that F. vesca and the commercial hybrid F. × ananassa share a very high degree of synteny [10] . Saturated genetic linkage maps [11] and synteny studies between F. vesca, Fragaria × ananassa, and other model species from the Rosaceae family (Prunus persica and Malus × domestica) available facilitate transfer of the results between species. This is especially important considering the long intergenerational period of fruit trees [12] [13] [14] [15] . Besides, the genome and the annotation of F. vesca var. Hawaii 4 have been published and [16] , and interesting population resources have been developed in F. vesca, including a bin mapping population [17] a mutant collection [18] and a near isogenic lines (NILs) collection [19] and a whole genome genotyping array IStraw90 ® [20] . The mapping population that we used in this study is described in detail in Urrutia et al. [19] . NIL collections are mapping populations based on introgression lines. All the lines share a common genetic background (usually from an elite variety) and have introgressions from a donor parental (usually an exotic relative). Together, all the lines must cover the background genome with overlapping exotic introgressions [21] . These introgressions can be tracked using molecular markers such as microsatellites (SSRs) or single nucleotide polymorphisms (SNPs). The main advantage of NIL collections compared to other mapping populations is that they can virtually transform the complex inheritance of quantitative traits into simple character inheritance. NIL collections have been developed and successfully used for QTL mapping in many crop species, such as tomato [22, 23] , melon [24] [25] [26] , wheat [27] , lettuce [28] and also in the model species Arabidopsis thaliana [29, 30] .
Multiple studies have characterized the phenolic composition of fruits from sets of strawberry varieties, mainly from octoploid accessions [31] [32] [33] ; however, there has never been a rigorous characterization of phenolic content in a Fragaria mapping population. In this study we characterised in detail the phenolic composition of ripe strawberry fruit in a F. vesca NIL collection in order to map the metabolomic QTL (mQTL) responsible for the variability of metabolites, or groups of metabolites, and to quantify the effect of the genotype and the environment on the phenolic composition in wild strawberry as a tool for increase nutritional quality in cultivated strawberry breeding programs.
Materials and methods

Chemicals
All chemicals, solvents, and reference compounds were obtained from Sigma-Aldrich, Fluka, Riedel de Haën (all Taufkirchen, Germany), Merck (Darmstadt, Germany) or Roth (Karlsruhe, Germany).
Plant material and sample extraction
Six to eight plant replicates, per genotype, of the available F. vesca NILs collection [19] , 42 lines in total (Supplemental Fig. 1 ), the recurrent parental F. vesca var. Reine des vallées (RV), the hybrid (F. vesca × Fragaria bucharica) F1 parental of the whole collection, and the white fruited variety of F. vesca var. 'Yellow wonder' (YW), were planted in a shade greenhouse in Caldes de Montbui (latitude: 41 • 36 N, longitude: 2 • 10 E, altitude 203 m above sea level, precoastal Mediterranean climate) for two consecutive years (2012 and 2013). As plants were maintained in outfield conditions we can consider each harvest year as an independent experiment. Three to five biological replicates of ripe strawberry fruits were harvested. Each biological replicate, a mix of ten to 15 fruits (>5 g), was individually and immediately frozen in liquid nitrogen and ground to a fine powder. An aliquot of 500 mg of the powder from every biological replicate was used for extraction. A biochanin A solution (250 L in methanol; 0.2 mg mL −1 ) was added as internal standard (IS) yielding 50 g of IS in each sample. After addition of 250 L methanol, 1 min vortexing and sonication for 10 min, the sample was centrifuged at 16,000 × g for 10 min. The supernatant was removed and the residue re-extracted with 500 L methanol. The supernatants were combined, concentrated to dryness in a vacuum concentrator and re-dissolved in 35 L water. After 1 min vortexing, 10 min sonication and 10 min centrifugation at 16,000 × g, the clear supernatant was used for LC/MS-analysis. Each extract was injected twice as a technical replicate.
LC-ESI-MS n analysis
Samples were analyzed on an Agilent 1100HPLC/UV-system (Agilent Technologies, Waldbronn, Germany) equipped with a reversed phase column (Luna 3 C18(2) 100A 150 × 2 mm, Phenomenex, Aschaffenburg, Germany) and connected to a Bruker esquire3000 plus ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany). Solutions of 0.1% formic acid in water (A) and 0.1% formic acid in methanol (B) were used as mobile phases. The injection volume was 5 L and the flow rate 0.2 mL min −1 . The gradient was from 0% B to 50% B in 30 min. Then to 100% B in the next 5 min, maintained at these conditions for 15 min and decreased to 0% B over 5 min. The initial conditions were held for 10 min for system equilibration. The electrospray ionization voltage of the capillary was set to −4000 V and the end plate to −500 V. Nitrogen was used as nebulizer gas at 30 psi and as dry gas at 330 • C and 9 L min −1 . MS spectra were recorded in alternating polarity mode. The full scan ranged from 100 to 800 m/z −1 . Ions were accumulated until an ion charge control (ICC) target, 20,000 (positive mode) and 10,000 (negative mode), was achieved or the maximum time of 200 ms was reached. Tandem mass spectrometry was carried out using helium as the collision gas at 4 × 10 −6 mbar and a collision voltage of 1 V. Data were analyzed with Data analysis 5.1 software (Bruker Daltonics, Bremen, Germany). Metabolites were identified by comparing their retention times and mass spectra (MS and MS2) with that of measured authentic reference compounds. The major known phenolic metabolites were quantified in the positive and negative MS mode by the internal standard method, using QuantAnalysis2.0 (Bruker Daltonics, Bremen, Germany), and expressed as part per ten thousand equivalents of fresh weight (fw) assuming a response factor of 1.
Genotyping analysis
DNA from the NIL collection and the parental lines (F. vesca var. Reine des Vallées, F. bucharica FDP60147 and F 1 ), was extracted using DNeasy Plant Mini kit (Qiagen, Hilden, Germany). A total of 60 diploid samples (47 NILs, parentals and the hybrid per duplicate and the 7 individuals of BIN set from the F 2 mapping population F. vesca var. 815 × F. bucharica FDP601 [17] that were added to increase the allelic variability) were hybridized with the IStraw90 ® SNP array (Affymetrix, CA, USA) [20] at CEGEN (Santiago de Compostela, Spain).
Genotyping analysis was performed using Genotyping console TM and SNPpolisher © (both from Affymetrix, CA, USA) following manufacturers recommendations and an inbred penalty of 3 for the NIL collection. Double recombinants for one single SNP were considered as genotyping errors and the flanking allele was assumed.
Data analysis
All lines that set fruit each year were processed and analyzed by LC-MS and taken into account for QTL mapping, however, for the exploratory analysis only those genotypes that gave more than 5 g fruit production both years were considered. All statistical analyses and graphical representations were done using the free source software R v.2.15.1 [34] with the Rstudio v.0.92.501 interface [35] , unless otherwise specified. Pearson's correlation between the metabolites and the genotypes was calculated using the rcorr function from the Hmisc package [36] . The analysis of variance (ANOVA), fitting the model G + E + G × E, was calculated using the Anova function from the car package for R [37] , and the omega squared values (ω 2 ) were obtained from ANOVA parameters according to the following formula:
Principal components analysis (PCA) was calculated with the prcomp function and scaled values. Hierarchical clustering analysis (HCA) was calculated considering Euclidean distance and complete linkage clustering method. Cluster network analysis (CNA) was using the correlation values with the qgraph function from the qgraph R package [38] . The significance tests were recursively calculated using the t.test function, comparing each genotype mean value with the RV mean value in the same harvest. The p-values obtained were corrected by false discovery rate (FDR) with the p.adjust function. Significant threshold was set at p-value < 0.05 after correction. QTLs were mapped to a specific bin only when all the NILs carrying an exotic introgression in this bin had a significant effect, and in the same direction, for the specific metabolite of study. SSR genotypes have been used as segregation data [19] . To confirm these QTLs and estimate their effect, an interval mapping analysis was performed using MapQTL v.6 [39] for advanced backcross inbred lines. Stable regions that explained around 20% or more of the variability and had LOD scores >1.8 were considered strong QTLs. The graphical representation of the mQTLs was done using MapChart 2.2 [40] . Candidate genes were based in the F. vesca reference genome v1.1 (genome and annotations were downloaded from the Fragaria repository in the Genomic Rosaceae Database, GDR, https://www.rosaceae.org/species/fragaria/fragaria vesca).
Results
Global metabolite profiling analysis
To evaluate the different levels of phenolic compounds identified by LC-MS and detect genomic regions responsible for their control the metabolite profiles of fully ripe strawberry fruits from 42 interspecific introgression lines of a F. vesca NIL collection [19] have been analized. The recurrent parental, F. vesca var. Reine des vallées (RV) was used as population control. Additionally the whitefruited F. vesca var. Yellow wonder (YW) served as an external control or out-group. Over a period of two consecutive years (2012 and 2013), the metabolite profiling analyses and the QTL mapping was carried out with all the genotypes that set enough fruit each year. However, only those 25 genotypes that could be analyzed with at least three biological replicates in both years were taken into account for the exploratory statistical analysis (Supplemental Fig.  1 ). These lines cover 86.4% of genome [19] . Among the 936 putative metabolites observed (data not shown), 24 were unambiguously identified by comparison with commercial standards run under the same conditions. The known compounds were quantified in positive and negative MS mode with an internal standard, assuming a response factor of 1. The results are expressed as part per ten thousand (mg/10 g) of fresh weight (fw) (Supplemental Table 1 ) and graphically represented in Fig. 2 . Various compounds were identified. This included three anthocyanins, pelargonidin-3-glucoside, pelargonidin-3-glucoside-malonate, and cyanidin-3-glucoside; five flavonols, kaempferol-and quercetin-glucosides and glucuronides, and kaempferol-coumaryl-glucoside; six flavan-3-ols, procyanidin -B1 and -B3, catechin, two isomers of (epi) catechin dimers and a (epi) afzelechin -(epi) catechin dimer; two flavanones, isomers of eriodictyol; five hydroxycinnamic acid derivatives, cinnamoylglucose, p-coumaroyl-glucose and -glucoside, feruloyl-glucose and caffeoyl-glucose. In addition, there were three other compounds previously described in strawberry that not belonging to any of the previous families: ellagic acid, 4-hydroxy-2,5-dimethyl-3(2H)-furanyl glucoside and citric acid [31] [32] [33] [41] [42] [43] [44] . See Table 1 for metabolites abbreviation. The content of chemical families by summing up the metabolites identified: anthocyanins, flavonols, flavanones, flavan-3-ols, and hydroxycinnamic acid derivatives has been quantified. Additionally the total phenolics accumulation was evaluated by summing all identified compounds, except for citric acid and HDMF-glucoside because they are not phenolic compounds.
General distribution of metabolites in F.vesca RV
The general distribution parameters (mean, standard deviation, and coefficient of variation) of the metabolites in independent harvests (2012 and 2013) were evaluated for RV and the NIL collection separately (Supplementary Table 2 ). The range calculated for the NIL collection was from undetectable concentrations to a 9-fold change in the mean of the collection. Correlation coefficients between the compounds in different harvests were very high ( Table 2 ). Moreover 21 out of 24 (87%) of them had a significant positive correlation between the two years. Significant correlation values ranged between 0.42 and 0.77, with 17 out of the 21 (80.1%) above 0.6 and the median greater than 0.70. Considering the chemical families, there was no significant correlation only with the flavonols. These results indicate a genotypic effect in the pattern of inheritance of phenolic expression.
The relative contribution of the individual compounds to their chemical family, for both harvests independently, was calculated (Table 1 ) and the relative contribution of the chemical families and ellagic acid to total phenolics content was also evaluated. Both absolute and relative values for phenolics concentration were very similar between RV and the average F. vesca NIL collection within each harvest; as expected, considering that all lines from the NIL collection share their genetic background with the recurrent parental RV (Supplemental Fig.  1 ) [19] . The global RV (poly)-phenol compounds distribution was the reference to evaluate the significance of the differences observed in the NILs. Anthocyanins were the major contributors to total phenolic content, representing 78% in 2012 and 88% in 2013 (Table 1) . There was a difference in the anthocyanin accumulation in absolute terms (16 mg/10 g and 28 mg/10 g of fw, respectively), (Supplemental Table 2 ), emphasizing a possible environmental effect. The concentration of individual anthocyanins (pelargonidin-and cyanidin-3-glucoside, and pelargonidin-3-glucoside-malonate) was also higher in the 2013 harvest, although their proportional contribution to total anthocyanin accumulation was the same in both years (pelargonidin-3-glucoside, 52%, cyanidin-3-glucoside, 37% and pelargonidin-glucoside-malonate, 11% of total anthocyanins on average), indicating a genotype control for a specific metabolite balance (Table 1) .
Flavonols were the second major contributors to total phenolic content (11% in 2012 and 5% in 2013) ( Table 1 ). The accumulation was significantly different in the two years (Supplemental Table 2 ) but, as in the case of anthocyanins, the individual flavonol ratios remained constant. Kaempferol-glucuronide is the major flavonol, accounting for an average 70% of total flavonols while the kaempferol-, kaempferol-coumaryl-and quercetin-glucoside each accounted for around 10% of total flavonols. The least abundant flavonol was quercetin-glucuronide, representing about 3% of total flavonols (Table 1 ). This finding is in agreement with results in F. vesca published by Muñoz et al. [32] but contrasts with other publications where quercetin-glucuronide has been described as the most abundant flavonol in octoploid strawberry varieties [31, 33] .
The contribution of other phenolics (flavan-3-ols, flavanones, hydroxycinnamic acid derivatives, and ellagic acid) to total phenolics concentration is minor (usually <5%, Table 1 ). The average concentration of flavan-3-ols was slightly higher in 2012 (1.38 mg/10 g of fw) than in 2013 (1.24 mg/10 g of fw). The individual flavan-3-ols contributed equally to total flavan-3-ols accumulation (around 20% each) except the (epi) afzelechin-(epi) catechin dimers, which accounted for 3% (Table 1 ). There were higher concentrations of flavanones eriodictyol isomers in 2012 than in 2013 (Supplemental Table 2 ), but their relative abundance was stable 80:20 and favorable to isomer 1. Table 2 Compound correlation between harvests and G + E + G × E Omega squared values (ω 2 ). Correlation values were calculated using average genotype values (Supplemental Table1) for both harvests. Percentage of the variance accounted for by each of the studied factors (G, E, and G × E), calculated using the omega squared values from the ANOVA results. The average concentration of the hydroxycinnamic acid derivatives was higher in 2013 (0.87 mg/10 g of fw) than in 2012 (0.31 mg/10 g of fw). This was mainly due to cinnamoyl-glucose ester that increased its concentration from 0.14 mg/10 g of fw in 2012 to 0.76 mg/10 g of fw in 2013. In contrast, the content and relative accumulation of the other hydroxycinnamic acid derivatives (p-coumaroyl-glucose ester and -glucoside, feruloyl-and caffeoylglucose ester) was reduced or maintained (Supplemental Table 2 ) in 2013 compared with 2012 ( Table 1) . As minor components ellagic acid was more abundant in the 2012, HDMF-glucoside was more abundant in the 2013 harvest than in 2012 and finally, although citric acid is not a phenolic compound, it was among the most abundant metabolites. Its absolute average concentration significantly varied between years (10.09 mg/10 g of fw in 2012 and 5.97 mg/10 g of fw in 2013).
The phenolic compounds accumulation profile in the yellow wild strawberry, out-group F. vesca YW, differed compared with RV or the NIL collection (Table 1) , characterized by the absence of anthocyanins, flavanones, and a low content in p-coumaroyls and cinnamoyl-glucose (Fig. 2) .
Genotypic and environmental effect over metabolite accumulation
Concentrations of all detected metabolites (except pcoumaroyl-glucoside) varied between years in RV and in the overall NIL collection, highlighting an environmental factor affecting accumulation. However, the relative contribution to chemical families remained constant for anthocyanins, flavonols, flavan-3-ols, and flavanones. To examine if the accumulation of metabolites was affected by the genotype (G) and the environment (E), we further evaluated their significance and quantified their effect and interaction on the accumulation of phenolics. The analysis of variance (ANOVA), following the model G + E + G × E (harvests in different years are considered different environments), revealed that the metabolites were significantly affected by both factors and their interaction (p-value < 0.05), except for p-coumaroylglucoside that did not have significant variation between years (Supplemental Table 3 ). Although both factors contributed significantly to variance, their influence differed between metabolites (Table 2 ). Those most influenced by environment were citric acid and quercetin-glucoside while the genotype had most effect on p-coumaroyl-glucose ester and-glucoside (Fig. 3) .
The influence of genotype on total phenolics accumulation was high, and in general environmental effect was low (Table 2) . Between family compounds, only flavonols were highly influenced by environment, confirming the non-significant correlation data of this family. The other chemical families were more highly influenced by the genotype. Anthocyanins and Flavan-3-ols variation was highly influenced by the genotype while the effect of the environment was mild for all compounds and the GxE effect was low (<10%) (Supplemental Fig. 2 ). The effect of the three factors was very different between the flavonols, with kaempferol-glucoside and kaempferol-coumaroyl-glucoside mainly influenced by the genotype (35 and 29%, respectively) with little effect of the environment, while kaempferol-glucuronide was equally affected by the genotype (18%) and the environment (20%). In contrast, quercetinglucoside and quercetin-glucuronide were both mildly affected by the GxE factor (19 and 11%, respectively), and more by the genotype (25 and 28%, respectively), but quercetin glucoside was more influenced by the environment (32%) than quercetin glucuronide (14%). There was also a great difference in how the factors affected the accumulation of flavanones. Eriodictyol isomer 1 was more influenced by the genotype and isomer 2 more by the environ- ment. The effect of GxE was similar in both cases. Various behaviors were also observed among hydroxycinnamic acid derivatives. Both p-coumaroyl-glucose ester and glucoside were highly affected by the genotype and very little affected by environment. The influence of all three factors on the level of caffeoyl-glucose ester was mild, with the genotype and the G × E accounting for most of the variability. Citric acid and DMHF-glucoside accumulation were more affected by the environment than by the genotype, although DMHF-glucoside variation was barely affected by either of these factors. 
Variance and relation of metabolites among the F. vesca NIL collection
To further understand the structure of the phenolic data set, a principal component analysis (PCA) was carried out. Genotypes were distributed in the first three components (PC1, PC2, and PC3 explaining 37%, 21%, and 17% of the variance, respectively), without forming defined groups, gathering around the axis and the recurrent parental (RV). This is in accordance with the isogenicity of the NIL collection, as they share most of their genetic background [19] . Samples tended to separate according to the different harvest years, which points to an environmental effect ( Fig. 4A and B) . However, genotypes had a very high correlation between harvests (0.95 on average), demonstrating that the year to year accumulation pattern was similar within each NIL. Only three lines had a correlation data below 0.9, NILs Fb5:0-35 and Fb5:0-76 with 0.85 and the NIL Fb5:41-76 with a minor value of 0.78.
Compounds contributing to samples differentiation formed 7 clear groups according to principal components 1 and 2 (Fig. 4C) . Group I included anthocyanins and cinnamoyl-glucose; group II contained flavan-3-ols; group III was formed by citric acid and kaempferol glucoside; groups IV, V, and VI gathered hydroxycinnamic acid derivatives, flavanones most flavonols and ellagic and citric acids. There were also two additional single-compound groups, the kaempferol-coumaryl-glucoside (group VI) and DMHF glucoside (group VII). Both groups III and V were split into two sub-groups attending to PC3 (Fig. 4D) . Citric acid and kaempferol glucoside formed subgroups IIIa and IIIb, respectively. Quercetin derivatives, kaempferol glucuronide, and caffeoyl glucose formed subgroup Va, while eriodictyol isomers, ellagic acid, and feruloyl glucose ester formed subgroup Vb.
In general, the 2013 harvest was globally characterized by the accumulation of compounds from group I and VII, and the 2012 harvest by compounds from group IIIa and Va (Fig. 4) . Compounds from groups I, IIIa, Va, and VII were the most conditioned by the environment.
As there is an important genetic factor in phenolics accumulation in strawberry fruits, and the detailed regulation mechanism of plant secondary metabolism has not yet been fully understood, we wanted to study the relationships between these metabolites in order to detect possible co-regulation. The correlation between metabolites of the independent harvests was studied (Supplemental Table 4 ) and represented as a correlation network analysis (CNA), (Fig. 5) . Correlation between metabolites was revealed to be higher and more stable between compounds belonging to the same chemical family or sharing known biological pathways (Fig. 1) , such as correlations within anthocyanins, flavan-3-ols or flavanones that were positive and strong between all the compounds in the chemi- (Fig. 5) were also found. All flavan-3-ols were positively correlated with kaempferol-glucoside and kaempferolcoumaryl-glucoside, and kaempferol-glucoside was also positively linked to flavanones, and ellagic and citric acids. Anthocyanins correlated positively with cinnamoyl-glucose ester and negatively with citric acid. There was a positive correlation between HCAD caffeoyl-glucose ester and the quercetin derivatives, while feruloylglucose ester was linked to eriodictyol isomer 2 and ellagic acid (Supplemental Table 4 ). According to hierarchical clustering analysis (HCA), metabolites grouped in pairs in four main clusters. The closest compounds forming couples were those that shared high positive correlations, clustering similarly to principal component analysis.
Fine genotyping of NILs by IStraw90 ® Axiom Array
Genotyping results of NILs collection hybridized with the IStraw90 ® [20] revealed that the vast majority of SNPs (79,922 from the initial 95,063 SNPs, 84.07%) were homozygous in all analyzed lines and therefore not suitable for genotyping the NIL collection. From the remaining 15,141 SNPs, 3327 (3.50%) did not surpass quality criteria (<95% call rate) and were discarded. Additionally, 5747 (6.04%) were classified as off target variants and probably represent allelic variants not considered by the SNP probes and 3079 (3.24%) did not present both homozygous alleles and were not considered for the analysis. Finally, the remaining 2988 (3.14%) were polymorphic SNPs that segregate among the set of analyzed samples and were used for genotyping. After genotyping, the BIN set was not further considered and the analysis continued only with the NIL collection, the parental lines and the hybrid (RV, FB, and F 1 ). Additional filtering steps were performed including removal of non consistent duplicates and non-segregating among the NIL collection SNPs this resulted in 1510 SNPs.
Genotyping results allowed a more precise drawing of the introgression's boundaries (Supplementary Table 5 ) and revealed that most NIL were "clean" and did not harbor (or harbor only short) undesired introgressions from F. bucharica in the genetic background of F. vesca. Several discrepancies between the expected introgressions according to the genetic map [19] and the obtained genotypes (Supplemental Table 5 ) suggested that there could be some miss-assemblies in the F. vesca reference genome v1.1 to which IStraw90 ® array is anchored, but comparing with the new v.2.0 assembly [10] discrepancies disappear. In term of Mb, the NILs collection covers 192.7 Mb that represents 92% over genome.
Metabolic QTL analysis
Phenolic metabolites accumulation segregates among the NIL collection. The profile of every NIL had a different accumulation pattern compared with the RV profile (Fig. 2) . Differences in the introgressed regions are presumably caused by the F. bucharica alleles, indicating that phenolic accumulation is to some extent genetically controlled. This variability is represented in relative terms (Fig. 2) and in absolute terms (Supplemental Table 1 ). Significant differences in phenolic compounds accumulation between any of the NILs and the control RV were evaluated by independent t-test corrected for false discovery rate (FDR). These significant differences have been accepted as mQTL for a specific metabolite, when all the studied lines harboring the same introgression had a significant effect. Additionally, to calculate the percentage variability explained by it and to confirm the effect of the QTL, a QTL interval mapping analysis has been performed for both harvests independently (Table 3) . In total, 100 mQTL for the 24 different compounds have been mapped, the five chemical families and total polyphenols distributed among the seven linkage groups. In 39 of the mQTL the alleles of the F. bucharica introgressions caused over-accumulation of the compounds compared with RV, and in the other 61 mQTL the exotic introgressed regions led to a reduction of the level of the metabolites. Among all the mQTL mapped, 76 were stable in two harvests and 24 only appear in one harvest. There were 49 strong mQTLs (LOD score >1.8, observed variability >20%) that have been graphically represented in Fig. 6 , 25 of which were stable in both harvests and cited as major QTL.
Anthocyanins were the most abundant phenolics in absolute values, and pelargonidin-3-glucoside the most abundant anthocyanin in almost all the genotypes of both years, followed by cyanidin-3-glucoside. Lines with introgressions in LG2 (Fb2:0-45, Fb2:0-63), LG3 (Fb3:0-8, Fb3:0-15) and LG6 (Fb6:84-101, Fb6:101-101) had a different balance between anthocyanins, accumulating similar levels of both pelargonidin-3-glucoside and cyanidin-3-glucoside, while the line Fb2:0-73 preferentially accumulated cyanidin-3-glucoside (Supplemental Table 1 ). QTL mapping revealed a single, major mQTL at region LG2:45-63 cM, over-accumulating cyanidin-3-glucoside that explained 25-69% of the variability (Table 3) , and another major mQTL for the underaccumulation of pelargonidin-3-glucoside-malonate at LG5: [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] , that explained 9-27% of the variability. There were also two strong positive mQTLs explaining 28 and 52% of the variability for pelargonidin-3-glucoside and pelargonidin-3-glucoside-malonate, respectively, at LG4:9-20 but this appeared only in the 2012 harvest. Other three minor mQTL were mapped (Table 3) . Total anthocyanins were mapped to three different one-year mQTL, one overlapping with the mQTLs over-accumulating pelargonidins in 2012 at region LG4:9-20, one at the region LG5:50-76 next to the mQTL for under-accumulation of pelargonidin-3-glucoside-malonate, and one that did not co-localize with mQTLs for individual anthocyanins at LG3:54-94. This is probably due to the fact that there was a slight increase in all individual anthocyanins in LG3:54-94 (Fig. 2) , not sufficient to map a significant mQTL but the addition of these small increments led to a mQTL for total anthocyanins. Distribution of total flavonols was fairly homogeneous among the NIL collection, except for a significant decline in NIL Fb1:26-61. Regarding specific flavonols, all genotypes had high relative values of kaempferol-glucuronide (the most abundant flavonol in absolute terms) and low relative values of kaempferol-glucoside, in contrast to the behavior of NIL Fb1:26-61 (Fig. 2) . Absolute flavonol values confirmed this trend. This is mainly due to a significant decrease in kaempferol-glucuronide concentration that was not compensated by the increased concentration of kaempferol-glucoside (Supplemental Table 1 ). This resulted in a different ratio of metabolites for this specific genotype. According to significance tests, region LG1:26-61 cM gathered three major mQTL for the over-accumulation of kaempferol-glucoside (23-41% of explained variability), the underaccumulation of kaempferol-glucuronide (41-50% of explained variability) and total flavonols (16-34% of explained variability) (Fig. 6) . Positive, major mQTL were also mapped for quercetins at LG2:63-73. These mQTLs explained between 5 and 50% of the observed variability for quercetin-glucoside and 23-35% for quercetin-glucuronide. In addition, another major mQTL (18-38% of the explained variability) was mapped for the over-accumulation of kaempferol-coumaryl-glucoside at region LG7:43-59. Other minor mQTLs were mapped for individual flavonols (Table 3) .
All identified flavan-3-ols were significantly underaccumulated in NILs with introgressions at the beginning of LG5 (Fb5:0-11, Fb5:0-35, Fb5:0-35-56, Fb5:0-76) compared with RV in both years. In addition, NIL Fb1:26-61 and lines harboring introgressions in the central region of LG7 (LG7:10-26 cM) accumulated higher concentrations of most of the flavan-3-ols (Supplemental Table 1 ), but this increase was significant with respect to RV only in 2012 (Table 3) . Therefore, stable mQTL for total and specific flavan-3-ols were mapped to region LG5:0-11 cM. This mQTL explained between 12 and 32% of the variability of total flavan-3-ols. One-year mQTL were mapped at regions LG1:26-61 and LG7:10-26. Additionally, 8-22% of the observed variability of afzelechin-catechin dimers was explained by a mQTL located at LG2:0-30 cM.
Flavanones (eriodictyol isomers) where under-accumulated in NILs Fb3:0-8, Fb3:0-15, Fb6:84-101 and Fb6:101-101. These last two lines, with introgressions in LG6, accumulated significantly lower levels of eriodictyol isomer 1 resulting in a different ratio of isomers (Supplemental Table 1 ). Considering the significance tests, minor mQTLs have been mapped for under-accumulation of total flavanones and eriodictyol isomer 1 and 2. Strong mQTLs were stable in only one harvest for eriodictyol isomer 2 at region LG1:26-61 and LG4:9-20 (Fig. 6) .
Relative accumulation of hydroxycinnamic acid derivatives was higher in lines with introgressions in LG2 and LG4 (Fig. 2) . Lines with introgressions in LG2 presented significantly higher relative and absolute concentrations of cinnamoyl-glucose ester (Supplemental Table 1 ), the most important contributor to total hydroxycinnamic acid derivatives (Table 1) . Consequently, positive major stable QTLs for cinnamoyl-glucose ester (37-52% of variability explained) and total HCAD (40-58% of variability explained) to region LG2:0-30 cM (Fig. 6 ) have been mapped. The same regions also harbor positive minor mQTLs for p-coumaroyl-glucose ester and -glucoside (Table 3) . Lines harboring introgressions at the beginning of LG4 accumulated higher levels of p-coumaroyl-glucose ester, pcoumaroyl-glucoside and feruloyl-glucoside, and strong and stable QTLs were mapped for these compounds at region LG4:9-20 cM (Fig. 6) . In addition, a strong one-year QTL was mapped for caffeoylglucoside in the same region. Despite these compounds being minor contributors to the total hydroxycinnamic acid-derivatives accumulation, the sum of the small increments was a significantly higher overall concentration of HCAD mapped as a minor mQTL to region LG4:9-20 cM ( Table 3 ). The opposite behavior was shown by lines with introgressions in LG6 (Fb6:84-101 and Fb6:101-101) where the significant decrease in cinnamoyl-glucose ester accumulation led to a significant under-accumulation of the total HCAD (Table 3 ) although the rest of the HCAD retained average values.
The distribution of ellagic acid was fairly homogeneous along the NIL collection, except for significant increases in lines harboring introgressions at LG1 and LG4 (Fig. 1, Supplemental Table 1 ). These led to the mapping of two positive stable mQTLs at regions LG1:26-61 cM and LG4:9-20 cM that contributed to 29-50% and 15-22% of the observed variability, respectively.
Finally, stable QTLs were not mapped for total (poly)-phenols accumulation but one-year mQTLs co-located with mQTLs detected for anthocyanins accumulation. This was expected considering Table 3 mQTL for phenolic compounds in F. vesca. All detected mQTL are shown. The under or over accumulation effect of the mQTL is indicated by (−) or (+) symbol, respectively. The genetic position of the mQTL expressed in cM and the NIL with the shorter introgression harboring the mQTL is given. Finally, the significance test results (t-test p-value after correction and LOD score), the % of the variability explained by the QTL and the stability (1 or 2 harvests) are indicated. High variability and stability are signaled as major QTL (*). that anthocyanins account for around 80% of the total (poly)-phenols.
Observed candidate genes in mQTL regions
Considering that we were able to map a number of mQTL and that the sequence and annotation of the strawberry genome are publicly available [16] , we aimed to identify interesting candidate genes in the mQTL regions described. mQTL genetic intervals have been more precisely defined considering the physical position of introgresions boundaries defined by SNPs after Axiom ® IStraw90 ® SNPs Array hybridization (Table 4) . After a complete genome search, 313 genes were detected on the genetic intervals defined for the mQTLs. The list of 99 biochemically characterized Fragaria genes has been checked (summarized in supplemental Table 10 , [16] ) and found 69 of them located in genetic regions covered by our mQTLs. These included 14 genes that have been described as structural genes directly involved in pigment formation and phenylpropanoid and flavonoid metabolism (FaCHS, FaCHS2, FaCHS3, FaCHS4 FaDFR, FaDFR1, FaF3H, FaFLS, FaLAR, FaANS, FaANR, FaGT1, FaGT2, and FaGT7), one transcription factor (FaMYB1) and three other non-structural protein-coding genes (Fraa1A, Fraa2, Fraa3) related to flavonoid biosynthesis (Supplemental Table 6 ). Then the list of 32,831 annotated predicted genes from the diploid strawberry reference genome has been checked for genes annotated in silico as enzymes in the phenolic synthesis pathway (CHS, CHI, FHT, DFR, ANS, LAR, ANR, FLS, and GT), and for others that could be involved with substrates and products of our interest (anthocyanidin, flavonoid, flavonol, flavanone, chalcone, cinnamate, coumarate). As a result, a list of 340 candidate genes (not biochemically characterized) spread over all chromosomes, and some not anchored to the genome was drew up. The 255 located in regions covered by our mQTLs were selected (Supplemental Table 6 ). Finally, the phenotypic changes and the list of candidate genes associated with each QTL interval, have been studied case by case, to find any possible link between them. Located in the LG1:26-61 cM region was the biochemically characterized gene 14,611, known as FaF3H or FaFHT [8] , characterized as a flavanone-3-hydroxylase and that could be related to the special balance of flavonols in NILs carrying F. bucharica introgression in this region. The FaCAD1 and FaCAD2 genes, characterized as cinnamyl alcohol dehydrogenases, were also located in this region. In addition there was one predicted glucosyltransferase (gene14947) whose expression has been inversely related to kaempferol glucuronide accumulation in previous studies with octoploid varies of Fragaria (data not shown). There were a three further predicted monooxygenases (gene12513, gene12514, and gene12515) that could be involved with the observed mQTLs.
In section LG2:0-30 cM the gene 11,126, biochemically characterized as flavonol synthase (FaFLS) [8] , has been found, and four other genes annotated as FLS but without empirical evidence (gene01063, gene01034, gene23698, and gene11130). These could cause the decrease in flavan-3-ols as they compete for the same substrates [8] . The functions of other genes, annotated as coumarate -CoA ligase (gene24683), CHS (gene10965, gene10966), and CHI (gene27804), are implicated in the early steps of the phenylpropanoid pathway and so could be related to the increased accumulation of p-coumaroyls and cinnamoyl-glucose.
QTLs at region LG2:45-63 cM co-localize with the dihydroflavonol 4-reductases FaDFR and FaDFR1 (gene15174) [8] , and another gene annotated as DFR (gene15176) could be related to the effect of the mQTL that over-accumulates cyanidin- glucoside. In a neighboring region (LG2:63-73 cM) there was another mQTL over-accumulating quercetin glucoside (derived from dihydroquercetin as the cyanidin-glucoside) and two mQTL under-accumulating pelargonidin-based anthocyanins (derived from dihydrokaempferol). In this region (0.79 Mb) one gene predicted as a leucoanthocyanidin dioxygenaseanthocyanin (LDOX) (gene15078) that may be related with the observed mQTLs has been Table 4 mQTL location and predicted genes. Genetic (cM) and physical (bp) mQTL position. Predicted genes (total number) and genes putatively involved in phenolic synthesis enclosed in the mQTL regions and a selection of candidate genes. detected. The closeness of these two regions leads us to think that the end of LG2 is important for anthocyanin regulation. The LG3:54-94 cM genetic interval is very long (26.31 Mb) and harbors 32 candidate genes (none of them biochemically characterized). According to the annotated functions, three genes might be involved in early steps of the pathway (gene27138, gene28898, and gene28093 putatively annotated as chalcone isomerase, coumarate-CoA ligase and trans-cinnamate 4-monooxygenase, respectively), and the gene00126, putatively annotated as anthocyanin glucosyltransferase that could be involved in the increased accumulation of anthocyanins.
Region LG4:9-20 cM covers a central region of LG4 and harbors genes such as Fraa1A, Fraa2, and Fraa3 that have been reported to be important in the control of the flavonoid pathway and pigment accumulation during fruit ripening. It has been seen that expression affects flavonoids and phenylpropanoids accumulation [45] . This means that alleles introduced by F. bucharica introgression may affect the expression of these genes and favor the accumulation of hydroxycinnamic acid derivatives and anthocyanins.
At the LG5:0-11 cM genetic section, there are nine candidate genes. Among them, FaANS (gene32347) and FaANR (gene24665) have been functionally characterized as anthocyanin synthase and reductase, respectively [8] . FaANR catalyses the transformation of anthocyanidins (pelargonidin and cyanidin) into flavan-3-ols (epicatechin and epiafzelechin), and could therefore be responsible for the under-accumulation of flavan-3-ols in lines carrying a F. bucharica introgression in this region.
Gene25801 has been characterized as a flavonoid 3 hydroxylase, adding hydroxyl groups in position 3 to dihydrokaempferol, kaempferol, apigenin, and naringenin, and has been shown to be related to anthocyanin compounds balance [46] . It co-locates with the QTL described in LG5:41-50 cM, so could be involved in the decreased accumulation of pelargonidin-glucoside-malonate. In addition, the transcription factor FaMYB1, related to the production of flavonols and anthocyanins during fruit ripening, has been localised in this same region [8] .
The genetic region in LG5:50-76 cM gathers 29 genes annotated as being related to the phenylpropanoid and flavonoid pathway, but none have been biochemically characterized. Among them, there are four genes predicted as DFR (gene29344, gene31464, gene31465, gene02203), and one as flavonol glucosyltransferase (gene13530) that could be involved in the increased accumulation of kaempferol-glucosides. Gene22073, annotated as a putative leucoanthocyanidin dioxygenase that could be related to the observed QTLs involving total anthocyanin and total (poly)-phenols accumulation, has also been located in this region.
In the LG6:101-101 cM interval, there were 33 candidate genes. Among them, 25 are annotated as probable glucosyltransferases and two have been functionally characterized: FaGT2 (gene26265) [47] and FaGT7 [48] . They could be related with the general decrease in glucosides. Other genes in this region, gene 24,019 (GT), gene 28,428 (DFR) and gene 26,403 (GT), are presumably related to pelargonidin-3-glucoside-malonate and kaempferol-coumarylglucoside accumulation in octoploid varieties (data not shown) and could here be related with the mQTL for PgGsM and KGs mapped in this region. There were also three predicted cinnamyl alcohol dehydrogenase (gene24025, gene26301 and gene26302), that could be related to the decrease in accumulation of cinnamoyl-glucose.
Localised at region LG7:0-10 cM are four biochemically characterized chalcone synthases: FaCHS, FaCHS2, FaCHS3, and FaCHS4, the first three corresponding to gene26825 and the last to gene26826 [8] . These enzymes have been shown to play a central role in the flavonoid metabolic pathway, so could be involved in the observed under-accumulation of flavanones and flavan-3-ols. Other interesting annotated genes (without empirical evidence) in this region include two probable LAR and four DFR that could be related to the lower accumulation of flavan-3-ols, and one flavonoid monooxygenase and two flavanone glucosyltransferases that could be involved in the decrease of eriodictyol isomers.
Within the boundaries of the region LG7:10-26 cM there are 16 candidate genes but none have been biochemically characterized. Functions predicted for these genes are as leucoanthocyanidin dioxigenase (gene 20,980) and chalcone isomerase (gene 23,397) that could be related to the general increased accumulation of flavan-3-ols.
Region LG7:43-59 cM includes one functionally characterized anthocyanidin glucosyltransferase (gene12,591 named FaFGT after Almeida et al. [8] or FaGT1 after Griesser et al. [48] ) and three other genes annotated as flavonoid glucosyltransferases.
Discussion
F. vesca, a source of variability for poly-phenol content in strawberry breeding programs There are many factors contributing to (poly)-phenol compounds concentration in strawberry fruits, such as genotype, environmental conditions and growing practices, the degree of maturity at harvest, the procedures and solvents used for extraction, the use of fresh or dry material and the quantification method. So many variable parameters make comparisons between studies difficult. To our knowledge, no previous publication analyses the (poly)-phenolic content of a mapping population in diploid strawberry (F. vesca). One previous study reported on the phenolic content of a single variety of F. vesca [32] but quantification was using dry material (DW) and a different internal standard, so absolute values are not comparable with our data, however the proportions between metabolites that we report in this work are similar to theirs. For instance, they reported similar average concentrations of pelargonidin-3-glucoside and cyanidin-3-glucoside in contrast to studies on octoploid varieties that found much higher average concentrations of pelargonidin-3-glucoside. They also report lower values of quercetin-3-glucuronide than the other flavonols detected, contrasting with studies on octoploid material where quercetin-3-glucuronide is the major flavonol [31, 33, 41, 43] . This suggests that the relative accumulation of (poly)-phenolic compounds is species-specific. Analyses of correlation, clustering and principal components between metabolites in F. vesca NIL collection demonstrate that co-regulation of metabolites is controlled by proximal genetic regions.
Comparing our results with studies using fresh material from octoploid varieties, we found that the average concentration for flavonoids was similar to (ellagic acid, flavonolsexcept for kaempferol-glucuronide) or higher than (anthocyanins, kaempferol-glucuronide) that reported for octoploid varieties. But even more interesting is that the range of concentrations was much broader within our NIL collection than the variability found between octoploid varieties [31, 33] . Fewer differences were found between the average concentrations of hydroxycinnamic acid derivatives. The concentration data summarized here are similar to those reported by other studies with octoploid varieties [31, 33, 41, 49] .
As a result, we can consider that F. vesca is a good source of variability in terms of quantity and balance, and could be used to improve the (poly)-phenolic content and composition of Fragaria × ananassa in breeding programs. It has been shown that F. vesca accumulates higher average concentrations of several (poly)-phenols, mainly anthocyanins but also ellagic acid, and still has great potential for improvement as the range of variation is wide within our population.
The genotype and environment effects on (poly)-phenols accumulation
The accumulation pattern of (poly)-phenolic compounds in strawberry fruits in a NIL collection revealed the important effect of the genotype and the environmental conditions on their accumulation. A previous study by Carbone et al. [9] , with a Fragaria × ananassa breeding population segregating for flavonoid production, found significant genotype-dependent differences at each developmental stage for most analyzed flavonoids. The accumulation of flavonols was also most affected by the environment. In our NIL collection a major effect of genotype on flavonoid and phenylpropanoid accumulation was observed, and the chemical family most affected by the environment was total flavonols, although other chemical families were also affected. Analysis of data revealed that the balance between the metabolites of each class was more stable than the absolute quantification for anthocyanins, flavonols, flavan-3-ols and flavanones, suggesting that the relative abundance of compounds is more tightly regulated than their total accumulation. This was not the case for hydroxycinnamic acid derivatives, where an increase in cinnamoyl-glucose ester not coupled with any variation in the accumulation of the other hydroxycinnamic acid derivatives was observed, suggesting these compounds are not co-regulated (Table 2) .
Besides the general genotype effect on the (poly)-phenolic accumulation, not all were equally affected by G, E or G × E. These parameters should be taken into account for selective (poly)-phenolic accumulation breeding as they allow us to discard those compounds with more unpredictable behavior and concentrate efforts on those highly influenced by the genotype and little affected by the environment. For instance, accumulation of pcoumaroyl-glucoside was independent of the environment and had a single positive mQTL at LG2:0-30 cM, so it could be a good candidate compound to improve HCAD content. Another good target might be the accumulation of the anthocyanins PgGs and CyGs, that represent a high percentage of total (poly)-phenols, are highly affected by the genotype, and have a single mQTL each.
